
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Modelling of the planet b transits presented in Hébrard et al. (2020) and observed by TESS (blue error bars). Each panel is labelled with the observatory or instrument name and sequential night of observation if there were more than one. Black lines and intervals in grey show the model median and 68.3% credible interval computed with 1000 random samples of the posterior. The mean of the predictive distribution of the kernel model is shown in orange. On top of each panel, the transit-timing posterior is shown for Hébrard et al. (2020) (red line histogram), the modelling with juliet (Sect. 5, grey histogram), and the photodynamical modelling (blue points with black error bars, although the errors are barely visible).

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Idem as Fig. 3, but for the OSN150 transits.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Posterior TTV predictions of planet b computed relative to a linear ephemeris6 are shown in blue. A thousand random draws from the posterior distribution were used to estimate the TTV median value and its uncertainty (68.3% credible interval). In the upper panel, the median TTV values are shown and compared with individual transit-time determinations (Hébrard et al. 2020 in red, and Sect. 5 in black). The thick grey line represents a linear ephemeris computed using only the transits observed by TESS (whose residuals are shown in the small panel in the upper right). In the lower panel, the posterior median transit-timing value was subtracted to visualise the uncertainty of the distribution. The posterior median transit time was also subtracted from each observed epoch for the individual transit-time determinations to allow for better comparison with the photodynamical modelling. The orange curve in the upper panel represents the variation in the times of inferior conjunction for planet c.

      

    

  
    
      Fig. 10 

      
        [image: thumbnail]
      

      
        Planet b and c eccentricity, as well as the mutual inclination for the different analysis presented in this work, and in previous literature. Maciejewski et al. (2020) used a tref = 2 459 048.747 BJDtdb, which is different from the one used in this work, but the difference in the inferred orbital parameters cannot be explained by their evolution between the two epochs (Fig. A.6). We adopted the values labelled as ‘stable’.

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Stability analysis of 50 000 samples of the posterior distribution obtained from the photodynamical modelling (Sect. 6), projected in a (Ωc, ic) diagram. The colour scale corresponds to values between −8.5 (black) and 0.9 (red) for the decimal logarithm of the stability index D used in Correia et al. (2010). The red zones correspond to highly unstable orbits, while the dark blue region can be assumed to be stable on a billion-year timescale.

      

    

  
    
      Fig. 12 

      
        [image: thumbnail]
      

      
        Global stability analysis of the WASP-148 planetary system. We fixed all orbital parameters of the stable MAP solution (Table 4), and we varied the inclination, ic, and the longitude of the ascending node, Ωc, of planet-c. The step size is 0.25° in both axes. For each initial condition, the system was integrated over 50 kyr and a stability criterion was derived with the frequency analysis of the mean longitude. White dashed curves give the isolines of constant mutual inclination I = 10°, 20°, 30°, and 40°. The white dot marks the position of the stable MAP solution from Table 4. The colour bar corresponds to the one in Fig. 11.

      

    

  
    
      Fig. 13 

      
        [image: thumbnail]
      

      
        Tidal evolution of the WASP-148 system. Starting with the nominal solution from Table 4, we show the evolution of the mutual inclination (top), the eccentricities (middle), and semi-major axes (bottom) over 800 Myr. We used a direct three-body model with linear tides (Correia 2018) with general relativity corrections, and adopted k2 = 0.5 and Δt = 1 s for both planets.

      

    

  
    
      Fig. 14 

      
        [image: thumbnail]
      

      
        Planet mass versus orbital semi-major axis in logarithmic scale. Error bars mark the position of planet b (blue) and planet с (orange). Grey dots are planets listed in the NASA Exoplanet Archive accessed through DACE API (dace. unige. ch). A Gaussian kernel density estimate is shown in different intensities of green. Solar System planets (black points, from left to right: Venus, Earth, lupiter, Saturn, Uranus, and Neptune) from NASA.

      

    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Two-parameter joint posterior distributions for the most relevant model parameters from the photodynamical modelling (Section 6). The 39.3, 86.5, and 98.9% two-variable joint confidence regions are denoted by three different grey levels; in the case of a Gaussian posterior, these regions project on to the one-dimensional 1, 2, and 3 σ intervals. The histogram of the marginal distribution for each parameter is shown at the top of each column, except for the parameter on the last line, which is shown at the end of the line. Units are the same as in Table 4.

      

    

  
    
      Fig. A.2 

      
        [image: thumbnail]
      

      
        Transits of WASP-148 b (blue points) and the MAP model (black line) from the photodynamical modelling (Section 6). Each panel is centred at the linear ephemeris (indicated by the vertical grey lines, and reported in the caption of Fig. 7). For the SANCHEZ transit, 90-second binned data are shown in grey in addition to the observed data points. Each panel is labelled with the epoch; zero is the transit at tref. In the lower part of each panel, the residuals after subtracting the MAP model are shown.

      

    

  
    
      Fig. A.6 

      
        [image: thumbnail]
      

      
        Integrations over 1 kyr since the RISE transit from 1000 stable samples of the photodynamical modelling posterior. The 68.3% and 95.4% Bayesian CIs are plotted in different intensities. The solid colour curve marks the median of the posterior distribution. The solid grey curves correspond to the simulation based on the stable MAP values. The Lomb-Scargle periodogram of the median curve is shown, and the position of the most prominent peak is annotated.

      

    

  
    
      Table A.2 

      Inferred system parameters for the transit-only analysis.

      
        


	Parameter
	Units
	Prior
	Posterior median and 68.3% CI





	Star
	
	
	



	Stellar mean density
	[g cm−3]
	N(1.75, 0.15)
	1.77 ± 0.13



	Kipping (2013) q1 for Clear, Johnson-R, RISE, TESS
	
	U(0, 1)
	[image: equation]



	Kipping (2013) q2 for Clear, Johnson-R, RISE, TESS
	
	U(0, 1)
	[image: equation]



	Planet b
	
	
	



	Espinoza (2018) r1
	
	U(0, 1)
	[image: equation]



	Espinoza (2018) r2
	
	U(0, 1)
	0.0854 ± 0.0013



	[image: equation]
	
	N(0.24, 0.09)
	0.243 ± 0.080



	[image: equation]
	
	N(0.40, 0.12)
	[image: equation]



	Transit timings (instrument, band, epoch)
	
	
	



	WASP1
	Clear
	−377
	[BJDtdb]
	U(2454638.265, 2454638.773)
	[image: equation]



	WASP2
	Clear
	−296
	[BJDtdb]
	U(2455351.288, 2455351.835)
	[image: equation]



	WASP3
	Clear
	−255
	[BJDtdb]
	U(2455712.42, 2455712.65)
	[image: equation]



	NITES1
	Clear
	−122
	[BJDtdb]
	U(2456883.440, 2456883.449)
	2456883.4442 ± 0.0010



	SANCHEZ
	Johnson-R
	−87
	[BJDtdb]
	U(2457191.55, 2457191.56)
	2457191.5555 ± 0.0010



	NITES2
	Johnson-R
	−46
	[BJDtdb]
	U(2457552.5005, 2457552.5082)
	2457552.50421 ± 0.00088



	MARS
	Clear
	−11
	[BJDtdb]
	U(2457860.648, 2457860.660)
	2457860.6550 ± 0.0012



	RISE
	RISE
	0
	[BJDtdb]
	U(2457957.480, 2457957.484)
	2457957.48202 ± 0.00042



	TESS sector 24
	TESS
	114
	[BJDtdb]
	U(2458961.1150, 2458961.1331)
	2458961.1226 ± 0.0019



	TESS sector 24
	TESS
	115
	[BJDtdb]
	U(2458969.9220, 2458969.9358)
	2458969.9285 ± 0.0015



	TESS sector 24
	TESS
	116
	[BJDtdb]
	U(2458978.7245, 2458978.7438)
	2458978.7346 ± 0.0022



	TESS sector 25
	TESS
	117
	[BJDtdb]
	U(2458987.531, 2458987.5476)
	2458987.5403 ± 0.0019



	TESS sector 25
	TESS
	119
	[BJDtdb]
	U(2459005.1466, 2459005.1581)
	2459005.1521 ± 0.0016



	TESS sector 26
	TESS
	120
	[BJDtdb]
	U(2459013.9516, 2459013.970)
	2459013.9600 ± 0.0021



	TESS sector 26
	TESS
	122
	[BJDtdb]
	U(2459031.5623, 2459031.5792)
	2459031.5701 ± 0.0018



	Instruments
	
	
	



	Dilution factor for WASP
	
	TN(1.0, 0.1,0.0, 1.0)
	[image: equation]



	Dilution factor for TESS sector 24, 25, 26
	
	TN(1.0, 0.1,0.0, 1.0)
	[image: equation]



	Offset relative flux for WASP1, WA SP2, WASP3
	[Relative flux]
	N(0.0, 0.1)
	[image: equation]



	Offset relative flux for NITES1, NITES2
	[Relative flux]
	N(0.0, 0.1)
	[image: equation]



	Offset relative flux for MARS
	[Relative flux]
	N(0.0, 0.1)
	[image: equation]



	Offset relative flux for SANCHEZ
	[Relative flux]
	N(0.0, 0.1)
	[image: equation]



	Offset relative flux for RISE
	[Relative flux]
	N(0.0, 0.1)
	[image: equation]



	Offset relative flux for TESS sector 24, 25, 26
	[Relative flux]
	N(0.0, 0.1)
	0.0004 ± 0.0013, 0.0005 ± 0.0019, -0.0003 ± 0.0014



	Additive jitter for WASP1, WASP2, WASP3
	[ppm]
	J(1, 10000)
	[image: equation]



	Additive jitter for NITES1, NITES2
	[ppm]
	J(1, 4000)
	[image: equation]



	Additive jitter for MARS
	[ppm]
	J(1, 1600)
	860 ± 120



	Additive jitter for SANCHEZ
	[ppm]
	J(1, 1600)
	[image: equation]



	Additive jitter for RISE
	[ppm]
	J(1, 300)
	[image: equation]



	Additive jitter for TESS sector 24, 25, 26
	[ppm]
	J(1, 900)
	[image: equation]



	Timescale of the GP for WASP1, WASP2, WASP3
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for NITES1, NITES2
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for MARS
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for SANCHEZ
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for RISE
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for TESS sector 24, 25, 26
	[days]
	J(0.001, 1000)
	[image: equation]



	Amplitude of the GP for WASP1, WASP2, WASP3
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Amplitude of the GP for NITES1, NITES2
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Amplitude of the GP for MARS
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Amplitude of the GP for SANCHEZ
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Amplitude of the GP for RISE
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Amplitude of the GP for TESS sector 24, 25, 26
	[Relative flux]
	J(10−6, 1)
	[image: equation]



	Derived
	
	
	



	Radius ratio, Rp/R*
	
	
	0.0854 ± 0.0013



	Impact parameter
	
	
	[image: equation]



	Eccentricity, e
	
	
	0.213 ± 0.035



	Argument of pericentre, ω
	[°]
	
	58 ± 11





      

      
Notes. The table lists: Priors and posterior median as well as 68.3% CI for the transit-only analysis with juliet (Section 5). N(µ, σ): Normal distribution with mean µ and standard deviation σ. TN(µ, σ, a, b): Normal distribution with mean µ and standard deviation σ, truncated between a lower a and upper b limit. U(a, b): A uniform distribution defined between a lower a and upper b limit. J(a, b): Jeffreys (or log-uniform) distribution defined between a lower a and upper b limit.




    

  
    
      Table A.3 

      Idem. as Figure 3, but for the analysis of OSN150 transits.

      
        


	Parameter
	Units
	Prior
	Posterior median and 68.3% CI





	Star
	
	
	



	Stellar mean density
	[g cm−3]
	N(1.75, 0.15)
	1.73 ± 0.15



	Kipping (2013) q1 for Clear
	
	U(0, 1)
	[image: equation]



	Kipping (2013) q2 for Clear
	
	U(0, 1)
	[image: equation]



	Planet b
	
	
	



	Espinoza (2018) r1
	
	U(0, 1)
	[image: equation]



	Espinoza (2018) r2
	
	U(0, 1)
	[image: equation]



	[image: equation]
	
	N(0.24, 0.09)
	0.238 ± 0.091



	[image: equation]
	
	N(0.40, 0.12)
	[image: equation]



	Transit timings (instrument, band, epoch)
	
	
	



	OSN1
	Clear
	123
	[BJDtdb]
	U(2459040.365914, 2459040.49543)
	[image: equation]



	OSN2
	Clear
	128
	[BJDtdb]
	U(2459084.327292, 2459084.50194)
	[image: equation]



	OSN3
	Clear
	152
	[BJDtdb]
	U(2459295.515766, 2459295.733722)
	[image: equation]



	OSN4
	Clear
	163
	[BJDtdb]
	U(2459392.390943, 2459392.628101)
	[image: equation]



	Instruments
	
	
	



	Offset relative flux for OSN1
	[Relative flux]
	U(−0.001, 0.001)
	[image: equation]



	Offset relative flux for OSN2
	[Relative flux]
	U(−0.001, 0.001)
	[image: equation]



	Offset relative flux for OSN3
	[Relative flux]
	U(−0.001, 0.001)
	[image: equation]



	Offset relative flux for OSN4
	[Relative flux]
	U(−0.001, 0.001)
	[image: equation]



	Additive jitter for OSN1
	[ppm]
	J(1, 2000)
	979 ± 63



	Additive jitter for OSN2
	[ppm]
	J(1, 2000)
	1374 ± 77



	Additive jitter for OSN3
	[ppm]
	J(1, 2000)
	1051 ± 56



	Additive jitter for OSN4
	[ppm]
	J(1, 2000)
	[image: equation]



	Timescale of the GP for OSN1
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for OSN2
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for OSN3
	[days]
	J(0.001, 1000)
	[image: equation]



	Timescale of the GP for OSN4
	[days]
	J(0.001, 1000)
	[image: equation]



	Amplitude of the GP for OSN1
	[Relative flux]
	J(10−6, 0.05)
	[image: equation]



	Amplitude of the GP for OSN2
	[Relative flux]
	J(10−6, 0.05)
	[image: equation]



	Amplitude of the GP for OSN3
	[Relative flux]
	J(10−6, 0.05)
	[image: equation]



	Amplitude of the GP for OSN4
	[Relative flux]
	J(10−6, 0.05)
	[image: equation]



	Derived
	
	
	



	Radius ratio, Rp/R*
	
	
	[image: equation]



	Impact parameter
	
	
	[image: equation]



	Eccentricity, i
	
	
	0 197 ± 0 046



	Argument of pericentre, ω
	[°]
	
	57 ± 13





      

      
Notes. N(µ, σ): Normal distribution with mean µ and standard deviation σ. TN(µ, σ, a, b): Normal distribution with mean µ and standard deviation σ, truncated between a lower a and upper b limit. U(a, b): A uniform distribution defined between a lower a and upper b limit. J(a, b): Jeffreys (or log-uniform) distribution defined between a lower a and upper b limit.




    

  
    
      Table A.6 

      Inferred system parameters with the photodynamical modelling assuming coplanar orbits.

      
        


	Parameter
	
	Median and 68.3% CI





	Star
	
	



	Mass, M*
	(M⊙)
	0.968 ± 0.050



	Radius, R*
	[image: equation]
	0.918 ± 0.017



	Stellar mean density, ρ*
	[g cm−3]
	[image: equation]



	Planet b
	
	



	Semi-major axis, a
	[au]
	0.0825 ± 0.0015



	Eccentricity, e
	
	0.194 ± 0.035



	Argument of pericentre, ω
	[°]
	61.4 ± 7.2



	Inclination, i
	[°]
	[image: equation]



	Longitude of the ascending node, Ω
	[°]
	180 (fixed at tref)



	Mean anomaly, M0
	[°]
	[image: equation]



	Impact parameter, b
	
	[image: equation]



	Mass, Mp
	(MJ)
	0.289 ± 0.023



	Radius, Rp
	[image: equation]
	0.756 ± 0.017



	Planet mean density, ρp
	[g cm−3]
	[image: equation]



	Planet c
	
	



	Semi-major axis, a
	[au]
	0.2054 ± 0.0036



	Eccentricity, e
	
	[image: equation]



	Argument of pericentre, ω
	[°]
	26.3 ± 6.0



	Inclination, i
	[°]
	≡ Planet b inclination



	Longitude of the ascending node, Ω
	[°]
	180 (fixed at tref)



	Mean anomaly, M0
	[°]
	258.1 ± 3.6



	Impact parameter, b
	
	[image: equation]



	Mass, Mp
	(MJ)
	0.375 ± 0.040





      

      
Notes. The table lists: Posterior median and 68.3% CI for the photodynamical modelling assuming coplanar orbits (Section 7.3). Only masses, radii, densities, and orbital parameters (at tref = 2 457 957.48167 BJDTDB) are listed.




    

  
    
      Table A.7 

      Inferred system parameters with the photodynamical modelling without stellar priors.

      
        


	Parameter
	
	Median and 68.3% CI





	Star
	
	



	Mass, M*
	(M0)
	[image: equation]



	Radius, R*
	[image: equation]
	[image: equation]



	Stellar mean density, ρ*
	[g cm- ]
	[image: equation]



	Planet b
	
	



	Semi-major axis, a
	[au]
	[image: equation]



	Eccentricity, e
	
	0.254 ± 0.045



	Argument of pericentre, ω
	[°]
	65.6 ± 9.6



	Inclination, i
	[°]
	[image: equation]



	Longitude of the ascending node, Ω
	[°]
	180 (fixed at tref)



	Mean anomaly, M0
	[°]
	[image: equation]



	Mass, Mp
	(MJ)
	[image: equation]



	Radius, Rp
	[image: equation]
	[image: equation]



	Planet mean density, ρp
	[g cm- ]
	[image: equation]



	Planet c
	
	



	Semi-major axis, a
	[au]
	[image: equation]



	Eccentricity, e
	
	0.280 ± 0.023



	Argument of pericentre, ω
	[°]
	23.6 ± 7.0



	Inclination, i
	[°]
	129 ± 13



	Longitude of the ascending node, Ω
	[°]
	214.4 ± 8.2



	Mean anomaly, M0
	[°]
	262.1 ± 4.4



	Mass, Mp
	(Mj)
	[image: equation]



	Mutual inclination, I
	[°]
	[image: equation]





      

      
Notes. The table lists: Posterior median and 68.3% CI for the photodynamical modelling without stellar priors (Section 7.4). Only masses, radii, densities, and orbital parameters (at tref = 2 457 957 .48167 BJDTDB) are listed.




    

  
    
      Table A.8 

      Inferred system parameters with the photodynamical modelling with three planets.

      
        


	Parameter
	
	Median and 68.3% CI





	Star
	
	



	Mass, M*
	(M0)
	0.976 ± 0.053



	Radius, R*
	[image: equation]
	0.918 ± 0.017



	Stellar mean density, ρ*
	[g cm−3]
	1.79 ± 0.13



	Planet b
	
	



	Semi-major axis, a
	[au]
	0.0828 ± 0.0015



	Eccentricity, e
	
	[image: equation]



	Argument of pericentre, ω
	
	[image: equation]



	Inclination, i
	
	88.87 ± 0.21



	Longitude of the ascending node, Ω
	[º]
	180 (fixed at tref)



	Mean anomaly, M0
	[º]
	[image: equation]



	Impact parameter, b
	
	0.323 ± 0.064



	T′0 − 2 450 000
	[BJDtdb]
	7957.48176 ± 0.00025



	P′
	[d]
	8.80358 ± 0.00018



	K′
	[ms−1]
	29.1 ± 1.9



	Mass, Mp
	(MJ)
	[image: equation]



	Radius, Rp
	[image: equation]
	0.765 ± 0.016



	Planet mean density, ρp
	[g cm−3]
	0.788 ± 0.071



	Planet c
	
	



	Semi-major axis, a
	[au]
	0.2059 ± 0.0037



	Eccentricity, e
	
	[image: equation]



	Argument of pericentre, ω
	[°]
	25.4 ± 5.6



	Inclination, i
	[°]
	[image: equation]



	Longitude of the ascending node, Ω
	[°]
	[image: equation]



	Mean anomaly, M0
	[°]
	259.0 ± 3.8



	Impact parameter, b
	
	[image: equation]



	T′0 − 2 450 000
	[BJDtdb]
	7971 56 ± 0 31



	P′
	[d]
	34 5441 ± 0 0026



	K′
	[ms−1]
	[image: equation]



	Mass, Mp
	(MJ)
	[image: equation]



	Planet (d)
	
	



	Semi-major axis, a
	[au]
	[image: equation]



	Eccentricity, e
	
	[image: equation]



	Argument of pericentre, ω
	[°]
	148 ± 96



	Inclination, i
	[°]
	[image: equation]



	Longitude of the ascending node, Ω
	[°]
	[image: equation]



	Mean anomaly, M0
	[°]
	[image: equation]



	Impact parameter, b
	
	[image: equation]



	T′0 − 2 450 000
	[BJDtdb]
	[image: equation]



	P′
	[d]
	[image: equation]



	K′
	[ms−1]
	8.9 ± 2.2



	Mass, Mp
	(MJ)
	[image: equation]



	Mutual inclination b, c, lb‚c
	[°]
	21 ± 12



	Mutual inclination b, d, lb‚d
	[°]
	93 ± 46



	Mutual inclination c, d, lc‚d
	[°]
	95 ± 43





      

      
Notes. The table lists: Posterior median and 68.3% CI for the photody-namical modelling with three planets (Section 7.8). The orbital parameters are given for the reference time tref = 2 457 957 48167 BJDtdb.
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